Introduction {#S1}
============

The *Ciona intestinalis* voltage-sensing phosphatase, Ci-VSP, has an N-terminal domain that resembles the voltage sensing domain (VSD) of voltage-gated ion channels and a C-terminal domain that is homologous to the "phosphatase and tensin homologue deleted on chromosome 10" (PTEN) protein, a lipid and protein phosphatase[@R1]--[@R3] ([Fig. 1a](#F1){ref-type="fig"}). Ci-VSP is the first member of the voltage dependent family of proteins that is not an ion channel. Instead, Ci-VSP takes an electrical signal in the form of membrane potential and converts it to a chemical signal through its phosphatase activity. Its discovery has raised questions about how a membrane-spanning sensor domain can couple to both the gates of ion channel pore domains and to a cytoplasmic enzyme. For voltage-gated potassium channels, the linker between S4 in the VSD and S5 in the pore domain has been shown to be necessary for coupling the voltage sensing to the gating of the pore [@R4]--[@R6].

The homology between the Ci-VSP phosphatase domain (PD) and PTEN led to the discovery that Ci-VSP is a voltage-dependent lipid phosphatase[@R1]. Although PTEN dephosphorylates the 3-phosphate of phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P~3~), Ci-VSP has been shown to remove the 5-phosphate of both PI(3,4,5)P~3~, dephosphorylating it to phosphatidylinositol 3,4-bisphosphate (PI(3,4)P~2~), and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P~2~), dephosphorylating it to phosphatidylinositol 4-phosphate (PI(4)P)[@R7]--[@R9]. While there are sequence divergences between Ci-VSP and PTEN, there are a number of notable similarities. The catalytic domains are 44% identical, and the residues that are known to be important for catalysis are highly conserved. They share several basic amino acids just upstream of the catalytic domain, which are known as the "PI(4,5)P~2~ binding motif" (PBM) in PTEN[@R10]. In PTEN, the PBM is essential for membrane targeting and this has been attributed to an interaction between PI(4,5)P~2~ and the basic residues in the PBM[@R11]--[@R14]. The homologous region in Ci-VSP links the VSD to the PD ([Fig. 1a](#F1){ref-type="fig"}), suggesting that it may couple voltage sensing to enzymatic activity, analogous to the function of the S4--S5 linker in K^+^ channels.

A major unresolved question about Ci-VSP, and its homologues from sea squirt to vertebrates, is how do the voltage-driven structural rearrangements of the VSD control the activity of the enzyme? Mutations in the VSD-PD linker have been shown to eliminate activity,[@R1],[@R15] suggesting either that this linker plays a direct role in the function of the PD or that it is important for coupling the VSD to the PD. To gain insight into this issue, we examined the activity of linker mutants in the isolated PD of the protein *in vitro*. We found that point mutations substantially reduce activity and that a linker deletion ablates activity altogether. These observations indicate that the linker has a direct role in enzymatic function. Because mutations in the linker directly affect the activity of the enzyme domain, activity cannot be used to determine if the mutants also affect coupling. We therefore developed an alternative coupling assay using Voltage Clamp Fluorometry (VCF)[@R16],[@R17]. The assay is based on recent evidence that manipulation of the phosphatase by mutation of the catalytic cysteine 363 to a serine or by an active site blocker alters the gating current (also known as "sensing current")[@R18]. This alteration demonstrates that inter-domain coupling between the PD and the VSD of the protein can be detected optically as an influence of PD mutants on VSD motion as measured by VCF[@R15],[@R17],[@R19]. Because the effect of the C363S mutation is modest, we searched for another phosphatase mutation that has a bigger impact on the VSD.

Using VCF to measure the voltage-driven motion of the VSD, we identified a new a catalytic site mutation, D331A, which strongly alters the voltage dependence and kinetics of VSD motion and, thus, provides a high accuracy gauge of inter-domain coupling. With this measure of coupling, we find that mutations in the VSD-PD linker compromise coupling. These linker mutants are also found to alter a late step of VSD motion. Strikingly, we find that PI(4,5)P~2~ modulates both coupling and the late VSD motion. We propose a model where PI(4,5)P~2~ interacts with the linker to stabilize an enzyme-activating conformation induced by the depolarization-driven motion of the VSD. The modulation by the substrate could provide a mechanism for enhancing enzymatic activity when PI(4,5)P~2~ is high and reducing activity when it is low to limit the degree of PI(4,5)P~2~ depletion.

Results {#S2}
=======

Effect of mutations in VSD-PD linker on activity {#S3}
------------------------------------------------

Ci-VSP has an N-terminal VSD and a C-terminal PD that are connected by a 16 amino acid linker ([Fig. 1a](#F1){ref-type="fig"}). To understand how the voltage-driven motions of the VSD are coupled to the activity of the PD, we examined the linker, which shares 50% identity with the PTEN N-terminal (PBM) ([Fig. 1b](#F1){ref-type="fig"}, top). The PTEN PBM contains several basic amino acids, including K13 and R15, which have been found to be mutated in cancer cells[@R20]--[@R22]. K13E disrupts the membrane targeting of PTEN, even though the active site is still capable of catalysis[@R12]. These functionally important PTEN residues lie in the second half of the PBM and are conserved in Ci-VSP's VSD-PD linker as K252 (PTEN K13) and R254 (PTEN R15) ([Fig. 1b](#F1){ref-type="fig"}, top). A recent study showed that the double mutation of R254A with its neighbor R253A eliminates voltage-dependent changes in activity, leading to the proposal that they serve as a part of a PBM and an inter-domain coupler for Ci-VSP[@R15].

We focused on three consecutive residues, K252, R253 and R254 in Ci-VSP ([Fig. 1b](#F1){ref-type="fig"}, top), and made individual glutamine mutations to neutralize the charge carried by each position. These mutations were made in the background of G214C, which served as a fluorophore labeling site. Because the level of activity will depend on both the rate of catalysis by each molecule of Ci-VSP and on the number of Ci-VSP molecules in the plasma membrane, it was important to determine if the mutations affect expression level. We assessed the expression level of the three mutants following labeling of the G214C position with the fluorescent probe, tetramethylrhodamine maleimide (TMRM). We found that the resting G214C-TMRM (G214C\*) oocyte fluorescence at the holding potential of −80 mV (an index of the number of labeled Ci-VSP proteins on the cell surface) was as high in the three mutants (*i.e.* they expressed as well) as in wild type ([Supplementary Results, Supp. Fig. 1](#SD1){ref-type="supplementary-material"}), enabling a straightforward comparison of their activity. To measure catalytic activity, we employed a previously established assay that uses an IRK1 channel that is mutated (R228Q) to reduce PI(4,5)P~2~ affinity[@R1],[@R17] (see Materials and Methods & [Supp. Fig. 2](#SD1){ref-type="supplementary-material"}). We found that K252Q and R254Q reduce voltage-dependent changes in activity to undetectable levels, and that R253Q reduces this activity by 80 ± 6% (n=8) relative to G214C\* alone ([Fig. 1c](#F1){ref-type="fig"}).

The loss of activity in the linker neutralization mutations could be due to a loss of coupling. Alternatively, it could reflect a direct effect of the mutations on the PD. To distinguish between these possibilities, we examined the effect of the K252Q, R253Q and R254Q mutations on the activity of the isolated PD construct (amino acids 240--576) *in vitro*. Circular dichroism (CD) measurements showed that the three mutant proteins were all well folded ([Supp. Fig. 3](#SD1){ref-type="supplementary-material"}). Using the malachite green activity assay to monitor phosphatase activity of the purified proteins[@R1],[@R8], we found that R253Q retained wild type levels of activity, but that K252Q and R254Q had reduced activity ([Fig. 1d](#F1){ref-type="fig"}, [Supplemental Methods](#SD1){ref-type="supplementary-material"}). These *in vitro* experiments indicate that two of the three conserved basic residues have a direct influence on PD activity.

To examine the function of the Ci-VSP linker further, we carried out the malachite green *in vitro* activity assay on a PD construct from which the linker was deleted (*i.e.* where the construct begins at amino acid 256, but is otherwise wild type in sequence). This construct was well folded ([Supp. Fig. 3](#SD1){ref-type="supplementary-material"}) but completely lacked activity towards either a membrane bound PI(3,4,5)P~3~ substrate or a water soluble inositol-(1,3,4,5)-trisphosphate (IP~4~) substrate ([Fig. 1d](#F1){ref-type="fig"}, [Supp. Fig. 4](#SD1){ref-type="supplementary-material"} ). An equivalent deletion in PTEN lost activity with the membrane bound PI(3,4,5)P~2~ but retained activity against the soluble IP~4~ [@R11], distinguishing Ci-VSP from PTEN. Thus, the Ci-VSP linker is necessary for the catalytic function of the PD. These results suggest that in the full-length construct negative voltages may disable the linker, and that depolarization may allow it to assume the activating conformation that it has in the VSD-less construct in solution.

Catalytic domain influence over the VSD {#S4}
---------------------------------------

The direct effects of the linker on enzyme activity, which we observed above, mean that in order to gauge VSD-PD coupling in the full-length protein, one needs an assay that does not depend on phosphatase activity. Recently in the zebrafish VSP[@R18], the serine mutant at the catalytic cysteine (analogous to Ci-VSP C363S) and an active site blocker, orthovanadate, were both shown to alter the "sensing" current---the analog of the gating current of voltage-gated channels. Those results imply that changes in the catalytic site influence VSD motion and that they could provide a readout of inter-domain coupling. We therefore turned next to examining the impact of catalytic site mutations on VSD motion, as measured using VCF.

We made mutations in the PD of Ci-VSP at residues that are conserved in PTEN and required for catalysis ([Fig. 1b](#F1){ref-type="fig"}, bottom). In addition to the C363S mutation of the catalytic cysteine, which was already described[@R1],[@R7], we tested D331A, whose homologous mutation in PTEN (D92A) also ablates activity[@R13],[@R23],[@R24]. The mutations were made in the G214C fluorophore labeling site background, as was done above with the linker mutations. These catalytic mutants were fluorescently labeled to the same degree as wild type, indicating equivalent expression ([Supp. Fig. 1](#SD1){ref-type="supplementary-material"}). Although they expressed as well as wild type, C363S and D331A had no detectable voltage-dependent changes in enzymatic activity ([Fig. 1c](#F1){ref-type="fig"}).

To probe the activity of these mutants further, we purified the isolated linker-PD construct for each mutant and tested for activity *in vitro*. CD measurements indicated that the C363S and D331A were well folded and similar to wild type ([Supp. Fig. 3](#SD1){ref-type="supplementary-material"}). The enzymatic activity was abolished in C363S and reduced by 73 ± 8% in D331A ([Fig. 1d](#F1){ref-type="fig"}). The *in vivo* and *in vitro* data agree with earlier observations on C363S in the wild type background[@R1],[@R7] and show that D331A also interferes with activity.

We used VCF to measure the kinetics and voltage dependence of the structural rearrangements of the VSD by monitoring the fluorescence of the TMRM attached to position G214 (G214C\*) at the outer end of S4. We found that both C363S and D331A slowed the repolarization-driven motion of S4 (ΔF~OFF~) ([Fig. 2a](#F2){ref-type="fig"}). The mutants also increased the steepness of the fluorescence-voltage (F-V) relation and shifted its midpoint in the negative direction ([Fig. 2b](#F2){ref-type="fig"}, [Supp. Table 1](#SD1){ref-type="supplementary-material"}). D331A had the stronger effects, negatively shifting the midpoint of the F-V by 47 ± 1 mV and slowing the first component of the ΔF~OFF~ by 13 ± 1 fold. The homologous mutation in PTEN to Ci-VSP's D331A (PTEN D92A) can trap the substrate[@R25], consistent with what appears to be stabilization by D331A of the activated state in Ci-VSP. This large influence of the catalytic site D331A mutation on VSD motion provided us with a clear report of VSD-PD coupling *in vivo* ([Fig. 2c](#F2){ref-type="fig"}).

Role of the VSD-PD linker in coupling {#S5}
-------------------------------------

We tested the notion that the linker plays a role in coupling VSD motion to the function of the phosphatase by asking if the linker mutations weaken the influence of the catalytic site D331A mutation on the motion of the VSD. We first examined the effect on S4 motion of each of the three linker neutralizations on its own. We found that the G214C\* ΔF~OFF~ and F-V of K252Q and R253Q were similar to those of wild type and that the ΔF~OFF~ and F-V of R254Q were mildly perturbed ([Supp. Fig. 5](#SD1){ref-type="supplementary-material"}, [Supp. Table 1](#SD1){ref-type="supplementary-material"}).

We next examined the effect of the linker mutants on the VSD perturbations caused by the catalytic site mutations. We found that K252Q eliminated the influence of the D331A catalytic site mutation on the VSD, ablating both the slowing of the ΔF~OFF~ ([Fig. 3a](#F3){ref-type="fig"}) and the negative shift of the F-V ([Fig. 3b](#F3){ref-type="fig"}, [Supp. Table 1](#SD1){ref-type="supplementary-material"}). The R253Q mutant had similar but less complete effects, reducing but not eliminating the slowing of the ΔF~OFF~ ([Supp. Fig. 6a](#SD1){ref-type="supplementary-material"}) and negative shift of the F-V ([Supp. Fig. 6b](#SD1){ref-type="supplementary-material"}, [Supp. Table 1](#SD1){ref-type="supplementary-material"}) caused by the D331A mutation. The incomplete uncoupling by R253Q is consistent with its incomplete reduction of voltage dependent enzyme activity ([Fig. 1c](#F1){ref-type="fig"}). These results show that the linker couples the voltage-dependent structural state of the VSD to the functional state of the catalytic site in the PD.

Role of VSD-PD linker in late step VSD motion {#S6}
---------------------------------------------

Having found that the conserved basic residues in the C-terminal end of the VSD-PD linker are important for coupling, we next endeavored to identify the VSD motion(s) in which the linker participates. To do this, we turned to another TMRM labeling site, Q208C, in the middle of the S3--S4 loop, where we had shown earlier that fluorescence reports on a series of voltage-driven rearrangements[@R17] ([Fig. 4a](#F4){ref-type="fig"}). Steps from the holding potential of −80 mV to voltages of between −150 and zero mV evoked fast and monotonic ΔFs, while more positive voltages of up to +100 mV evoked an additional slower component that decreased fluorescence. Even more positive steps, from +100 up to +200 mV, evoked yet an additional component of slow fluorescence increase ([Fig. 4a](#F4){ref-type="fig"}).

Linker neutralization mutations K252Q, R253Q and R254Q were introduced individually into the Q208C background and their effect on the fluorescence report of TMRM (Q208C\*) was tested. While the ΔF~ON~ and ΔF~OFF~ of Q208C\* were unaffected by the mutations over the negative voltage range and in the lower end of the positive voltage range, all three of the mutations attenuated the amplitude of the late upward ΔF~ON~ component evoked by the largest depolarizations ([Fig. 4b--d](#F4){ref-type="fig"}, [Supp. Fig. 7a](#SD1){ref-type="supplementary-material"}) and shifted its voltage dependence in the positive direction ([Fig. 4e--h](#F4){ref-type="fig"}, [Supp. Fig. 7b, Supp. Table 1](#SD1){ref-type="supplementary-material"}). Thus, the linker specifically plays a role in the late step of VSD motion.

Regulation of VSD motion by PI(4,5)P~2~ {#S7}
---------------------------------------

Considering that the Ci-VSP VSD-PD linker is homologous to the N-terminal PI(4,5)P~2~ binding domain (PBM) of PTEN, we wondered if PI(4,5)P~2~ might modulate the function of the VSD-PD linker. To test this possibility, we set out to manipulate the concentration of PI(4,5)P~2~ in the membrane and determine the effect on the VSD rearrangements which involve the linker according to our above results. We co-expressed Ci-VSP with the serotonin 2C receptor (5HT2C), a G-protein coupled receptor which activates phospholipase C (PLC), leading to the cleavage of a phosphodiester bond of PI(4,5)P~2~ into diacyl glycerol (DAG) and inositol-(1,4,5)-trisphosphate (IP~3~)[@R26]. We first tested the ability of serotonin to activate the 5HT2C receptor and deplete PI(4,5)P~2~ in oocyte membranes by using IRK1Q as a PI(4,5)P~2~ sensor, as shown above ([Fig. 1c](#F1){ref-type="fig"}). We found that 10 µM serotonin evoked a reliable reduction of IRK1Q current over a time-course of 5 min ([Supp. Fig. 8a](#SD1){ref-type="supplementary-material"}). We therefore chose this time-point for our analysis.

The 5HT2C receptor was co-expressed with either the catalytically active G214C\*, or the catalytically compromised G214C\*/D331A. F-Vs were obtained before and 5 minutes after exposure to 10 µM serotonin. Successful activation of PLC was monitored by measuring current through the oocyte's endogenous Ca^2+^ dependent Cl^−^ channels ([Supp. Fig. 9a](#SD1){ref-type="supplementary-material"}), which are activated by the IP~3~-induced release of Ca^2+^ from internal stores. Both in the catalytically active and catalytically compromised versions of Ci-VSP, the F-V relations were shifted in the positive direction and became shallower following the addition of serotonin ([Fig. 5a](#F5){ref-type="fig"}, [Supp. Fig. 9b](#SD1){ref-type="supplementary-material"}, [Supp. Table 2](#SD1){ref-type="supplementary-material"}). This shift could also be monitored as a decrease in fluorescence amplitude in response to a step to 0 mV following the addition of the serotonin ([Supp. Fig. 9c](#SD1){ref-type="supplementary-material"}). Another metabotropic receptor known to activate the PLC pathway, mGluR1, had the same effect ([Supp. Fig. 6d, e](#SD1){ref-type="supplementary-material"}). The similar effects of activation of the PLC-coupled 5HT2C and mGluR1 receptors indicates that Ci-VSP is modulated either by the depletion of PI(4,5)P~2~ or by the production of IP~3~ or DAG by PLC.

To distinguish between the possibilities that Ci-VSP is modulated either by the depletion of PI(4,5)P~2~ or by the production of IP~3~ or DAG, we chose an alternative method for reducing PI(4,5)P~2~ in the membrane, which would not produce IP~3~ or DAG. For these experiments, we employed an inducible phosphatase that hydrolyzes PI(4,5)P~2~ into PI(4)P, thus avoiding the IP~3~ and DAG signaling cascades[@R27],[@R28]. The phosphatase, Inp54p, is a truncated version of a yeast inositol polyphosphate 5-phosphatase that specifically cleaves PI(4,5)P~2~ at the 5-phosphate[@R27]. The activity of Inp54p can be triggered by the application of the small, membrane permeable organic molecule rapamycin, thereby permitting VCF measurements of VSD motion to be made before and after PI(4,5)P~2~ depletion. To make the Inp54p inducible by rapamycin, it was fused with one of two protein domains which heterodimerize upon addition of rapamycin: FKBP (FK506 binding protein) fused to CFP, which enables the membrane localization of the phosphatase to be visualized, and which is referred to as CFInp[@R27]. The partner protein domain, FRB (the rapamycin binding fragment of mTOR), was fused to the plasma membrane targeted Lyn N-terminal sequence (LDR)[@R27]. Previous studies have shown that rapamycin brings CFInp to the plasma membrane and reduces PI(4,5)P~2~ concentrations in oocytes[@R29]. We confirmed that the rapamycin system was functional, finding it to efficiently shuttle the CFInp to the plasma membrane ([Supp. Fig. 10a, b](#SD1){ref-type="supplementary-material"}) and to decrease IRK1Q current ([Supp. Fig. 8b](#SD1){ref-type="supplementary-material"}).

Activation of the rapamycin system shifted the F-V to the right and decreased the slope of the F-V both in the catalytically active G214C\* and in the catalytically compromised G214C\*/D331A ([Fig. 5b](#F5){ref-type="fig"}, [Supp. Fig. 11a](#SD1){ref-type="supplementary-material"}, [Supp. Table 3](#SD1){ref-type="supplementary-material"}). An enzyme-dead version of the CFInp (CFInp D281A) was mobilized to the plasma membrane by rapamycin just as well as was the wild type CFInp ([Supp. Fig. 10a](#SD1){ref-type="supplementary-material"}, b), but did not affect the F-V ([Supp. Fig. 10c](#SD1){ref-type="supplementary-material"}), indicating that the shift in the F-V is specific to PI(4,5)P~2~ depletion.

Taken together, the similar shifts in the F-V induced by activation of the two PLC coupled GPCRs, 5HT2C and mGluR1, and the rapamycin system that dephosphorylates PI(4,5)P~2~ to another product, demonstrate that PI(4,5)P~2~ depletion alters the voltage-driven rearrangement of the VSD.

PI(4,5)P~2~ and linker mutants alter late VSD motion {#S8}
----------------------------------------------------

The above results showed that membrane PI(4,5)P~2~ regulates VSD motion. We next tried to identify the step of VSD motion that is affected by PI(4,5)P~2~. For this purpose we turned once again to the TMRM labeling site Q208C, whose fluorescence reports on several distinct phases of VSD motion. We found that, in wild type Q208C\*, the rapamycin depletion of PI(4,5)P~2~ decreases the amplitude of the late step of VSD motion that is activated by depolarization to \> +100 mV and shifts the voltage dependence of this component to the right ([Fig. 5c](#F5){ref-type="fig"}, [Supp. Fig. 11b](#SD1){ref-type="supplementary-material"}, [Supp. Table 3](#SD1){ref-type="supplementary-material"}).

The effect of PI(4,5)P~2~ depletion on the late phase of VSD motion was remarkably similar to the effect of the mutation of the basic residues in the VSD-PD linker (compare [Fig. 4e-h](#F4){ref-type="fig"} to [Fig. 5c](#F5){ref-type="fig"}, and [Fig. 4a--d](#F4){ref-type="fig"} to [Supp. Fig. 11b](#SD1){ref-type="supplementary-material"}). This similarity led us to ask if PI(4,5)P~2~ modulation actually depends on the basic residues in the linker. To test this, we co-expressed the 5HT2C receptor with the catalytically active G214C\*/K252Q or the catalytically compromised G214C\*/D331A/K252Q. We found that, in contrast to the wild type linker ([Fig. 5a](#F5){ref-type="fig"}, [Supp. Fig. 9b](#SD1){ref-type="supplementary-material"}), the serotonin induced PI(4,5)P~2~ depletion effect was absent in the K252Q linker mutant ([Fig. 5d](#F5){ref-type="fig"}, [Supp. Fig. 12a](#SD1){ref-type="supplementary-material"}, [Supp. Table 3](#SD1){ref-type="supplementary-material"}). We also tested the rapamycin system in the catalytically compromised G214C\*/D331A protein and obtained a similar result: the PI(4,5)P~2~ depletion effect, present in the wild type linker ([Fig. 5b](#F5){ref-type="fig"}), was absent in the K252Q linker mutant ([Fig. 5e](#F5){ref-type="fig"}, [Supp. Table 3](#SD1){ref-type="supplementary-material"}).

Because G214C\* does not clearly resolve the various components of VSD motion, we also tested the effect of PI(4,5)P~2~ on the multiple VSD rearrangements that could be resolved from the fluorescent report of Q208C\*. We found that, in contrast to the large effect seen in wild type ([Fig. 5c](#F5){ref-type="fig"}), the rapamycin induced depletion of PI(4,5)P~2~ had almost no effect on constructs containing any of the individual linker mutations ([Fig. 5f](#F5){ref-type="fig"}, [Supp. Fig. 12b, c, Supp. Table 3](#SD1){ref-type="supplementary-material"}).

Thus, PI(4,5)P~2~ and the basic residues in the VSD-PD linker appear to regulate the same late step of VSD motion and single linker neutralization mutations are sufficient to greatly blunt the modulation by PI(4,5)P~2~. Together, these findings suggest that PI(4,5)P~2~ acts through the linker.

Discussion {#S9}
==========

We have probed the interplay between the voltage-driven conformational changes in the VSD of Ci-VSP and the functional state of its PD. We assessed combined catalytic site and inter-domain linker mutations to examine enzyme activity of the full-length protein in live cell membranes and of the isolated PD *in vitro*. We also investigated the structural rearrangements of the VSD of the intact protein measured by Voltage Clamp Fluorometry. The results identify a rearrangement that depends on both the PI(4,5)P~2~ substrate and on conserved basic residues in the inter-domain linker.

Previous studies showed that the inter-domain linker is critical for the voltage dependent activity of the full-length protein, with a particular importance of several basic residues at the phosphatase (C-terminal) end of the linker[@R1],[@R15]. We found that three basic residues examined individually, K252, R253 and R254 are essential for catalysis in the living cell, with neutralization mutations leaving no detectable voltage dependent activity in K252Q and R254Q and drastically reducing activity in R253Q. We asked whether this loss of activity is due to an effect on inter-domain coupling or to a direct effect on the enzyme. We found K252Q and R254Q have reduced activity in the isolated linker-PD fragment *in vitro*. While the reduction in activity of the linker-PD construct *in vitro* was less extreme than what was seen for the full-length protein in live cells, the direct effect of K252Q and R254Q on the function of the phosphatase prevent a clear cut conclusion about their possible role in coupling. In contrast, R253Q had normal activity in the linker-PD construct *in vitro*, but \~80% reduced activity in the full-length protein in cells, consistent with an effect on coupling.

To clarify the role of the linker in inter-domain coupling, we developed a second assay that measures the coupling in the opposite direction. Rather than measuring the effect of voltage-driven VSD rearrangements on phosphatase activity, we measured the effect of mutations in the phosphatase catalytic site on VSD motion. This approach had the added advantage of a direct, high signal to noise and time-resolved measure of VSD conformation using VCF. We found that linker neutralizations reduced or eliminated the influence of catalytic site mutations on VSD motion. K252Q ablated the PD to VSD influence and completely eliminated voltage dependent activity. R253Q, on the other hand, caused a substantial but incomplete reduction in the influence of the PD mutants on the VSD and largely, but incompletely, reduced voltage dependent activity. Together, the findings show that the conserved basic residues in the VSD-PD linker play a central role in inter-domain coupling.

We wondered how the linker could alter the functional state of the enzyme in response to voltage sensing motions of the VSD. We obtained an insight into this when we found that deletion of the linker from the isolated PD abolishes activity *in vitro*. This suggests that the linker acts as a positive regulator of the enzyme. Moreover, it suggests that the mechanism of coupling is that the voltage-driven rearrangement of the VSD changes the conformation of the linker from an inactive form at negative voltage into an active form, which turns the enzyme on at positive voltage ([Fig. 6](#F6){ref-type="fig"}).

The homologue of the Ci-VSP linker is the N-terminus of PTEN, which has been shown to bind to PI(4,5)P~2~ through the same basic residues that we examined here in Ci-VSP[@R11]--[@R14],[@R30],[@R31]. A recent study on Ci-VSP proposed that PI(4,5)P~2~ also binds to the Ci-VSP linker[@R12]. If this were the case then, given the role we documented for the linker in inter-domain coupling, we would expect that PI(4,5)P~2~ might have an effect on Ci-VSP gating. Indeed, we found that PI(4,5)P~2~ modulates a specific step of VSD motion: a late step that takes place at positive voltage. The same late VSD rearrangement was selectively affected by mutation of the linker's basic residues. Our findings suggest that PI(4,5)P~2~ binding stabilizes the linker in its activating state. This effect may be explained by PI(4,5)P~2~ binding to the basic residues, however direct evidence will be required to prove such an interaction.

The finding that the substrate of the enzyme is also a modulator implies that Ci-VSP could function as a feedback system. We propose a model in which the linker is primed and that the VSD and phosphatase are coupled when PI(4,5)P~2~ levels are high, thus enabling membrane depolarization to turn on phosphatase activity ([Fig. 6](#F6){ref-type="fig"}). As the enzymatic activity of Ci-VSP progresses and PI(4,5)P~2~ levels decrease, we propose that the linker loses its PI(4,5)P~2~ and that the enzyme is consequently uncoupled from the VSD, thereby terminating activity. Such modulation by substrate could enhance catalysis when PI(4,5)P~2~ is high and lower activity when PI(4,5)P~2~ is low to prevent excessive depletion.

Materials and Methods {#S10}
=====================

Molecular Biology {#S11}
-----------------

The Ci-VSP in the pSD64TF vector was kindly provided by Dr. Y. Okamura (Osaka University, Osaka, Japan). The cytosolic phosphatase Ci-VSP DNA (encoding amino acids 240--576 or 256--576) was sub-cloned into the *NdeI* and *Hin*dIII sites of the pET-28b vector for bacterial expression. The LDR and CFInp constructs were kindly provided by Dr. T. Meyer (Stanford University, Palo Alto, CA) and subcloned into pGEMHE vectors. The IRK1 construct was kindly provided by Dr. E. Reuveny (Weizmann Institute of Science, Rehovot, Israel). The mGluR1α construct was kindly provided by S. Nakanishi (Osaka Bioscience Institute, Osaka, Japan). All point mutations were made using QuikChange (Stratagene). All DNA was confirmed by DNA sequencing. RNA was transcribed using either T7, T3 or SP6 mMessage mMachine (Ambion) kits.

Voltage Clamp Fluorometry {#S12}
-------------------------

Voltage clamp fluorometry was performed as described previously[@R17]. Briefly, *Xenopus laevis* oocytes were injected with 50 nl mRNA at 0.02--1.2 µg/µl depending on the experiment. Different RNA ratios were used for different co-injection experiments: a 40:1 ratio for experiments co-expressing Ci-VSP and 5HT2C receptors (total RNA \~0.8 µg/µl), a 3:1 ratio for experiments co-expressing Ci-VSP and mGluR1α receptors (total RNA \~0.7 µg/µl), and either a 4:1:1 or a 2:1:1 ratio for experiments co-expressing Ci-VSP, LDR, and CFInp (either wild type or D281A, total RNA \~0.8--1.2 µg/µl). Cells were then incubated in ND-96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 50 mg/ml gentamicin, 2.5 mM Na pyruvate and 5 mM HEPES, pH 7.6) at 18°C for 24--48 hours. Injected oocytes were treated with a 1 mM solution of glycine maleimide[@R32] to block native cysteines before protein expression. A Nikon Diaphot inverted microscope with a 20× 0.75 NA fluorescence objective (Nikon) was used with a Dagan CA-1 amplifier (Dagan Corporation), illuminated with a 150 W xenon lamp and intensity was measured with a Hamamatsu HC120-05 photomultiplier tube. The amplifier, photomultiplier and Uniblitz shutter (Vincent Associates) were controlled by the Digidata-1440 board and pClamp10 software package (Axon Instruments). Light was filtered through an HQ535/50 excitation filter, an HQ610/75 emission filter and a Q565LP dichroic (Chroma Technology). Fluorescence signals were low pass filtered at 2 kHz through an eight-pole Bessel filter (Frequency Devices).

On the day of the experiment, cells were incubated in a high potassium solution (92 mM KCl, 0.75 mM CaCl~2~, 1 mM MgCl~2~, 10 mM HEPES, pH7.5) with 12 µM tetramethylrhodamine-6-maleimide (Invitrogen) for one hour on ice and in the dark. After extensive washing with ND-96, the cells were stored in ND-96, in the dark and at 12°C until the time of the experiment. Recording solutions were either ND-96\' (without the gentamicin or pyruvate) or NMG buffer (110 mM N-methyl-D-glucamine (NMG) methanesulfonic acid (MS), 2 mM KMS, 2 mM Ca(MS)~2~, 10 mM HEPES, pH 7.5) to limit leak currents. In all experiments only cells with a good control of voltage were analyzed and reported voltages and voltage steps were actual measurements.

Cells were constantly perfused with ND-96\' for co-injection experiments. For experiments with 5HT2C, an initial F-V protocol (t=0, voltage jumps from −150 mV to 200 mV in 10 mV increments) was followed by perfusion of 5--10 µM serotonin (Sigma) for 10--40 s. The resulting Ca^2+^ activated Cl^−^ currents were monitored to confirm expression of the 5HT2C receptor. Then at t=5 minutes, a final F-V protocol was recorded. A similar protocol was used for experiments with mGluR1α, adding 100 µM glutamate. For experiments with LDR and CFInp, the initial F-V protocol (t=0) was followed by perfusion of 0.5--1 µM rapamycin (Sigma) for 3--5 minutes then by ND-96\' until the final F-V protocol at t=10 minutes.

Electrophysiological measure of activity {#S13}
----------------------------------------

Ci-VSP catalytic activity was measured indirectly by detecting PI(4,5)P~2~ via its activation of the inwardly-rectifying IRK1 R228Q K^+^ channel (IRK1Q) as described previously[@R17]. The R228Q mutation of IRK1 was used to alter the sensitivity of the channel for PI(4,5)P~2~ into an observable range. A brief description of the protocol is as follows: the cell was depolarized to 60 mV to turn Ci-VSP on until a steady state current was established (\~100 s). Then the cell was hyperpolarized to −100 mV to turn Ci-VSP off until a steady state was re-established (\~400 s) ([Supp. Fig. 2](#SD1){ref-type="supplementary-material"}). The resulting change in current between the on and off states of Ci-VSP was measured and expressed as percent activity. Currents were leak subtracted by assuming a voltage-independent linear leak. Current was measured at −100 mV after the test holding potential and leak was measured at +50 mV where the IRK channels should be blocked by Mg^2+^ and polyamines and the following equation applied to calculate the leak subtracted (LS) current: I~ls~= I~−100mV~ + 2I~+50mV~. The percent activity was calculated as: ΔI/I~max~ =(I~−100mV\ last~ − I~+60mV\ last~)/ I~−100mV\ last~. A similar protocol was used to test for PI(4,5)P~2~ depletion via activation of the 5HT2C receptor, with IRK1Q serving as the PI(4,5)P~2~ reporter.

For these experiments, 50 nl of mRNA was injected into *Xenopus laevis* oocytes. Different RNA ratios were used for the different experiments: a 10:1 ratio for experiments co-expressing Ci-VSP and IRK1Q (total RNA \~0.9 µg/µl), a 4:1 ratio for experiments co-expressing IRK1Q and 5HT2C receptor (total RNA \~0.1 µg/µl) and a 2:2:1 ratio for experiments co-expressing LDR, CFInp and IRK1Q (total RNA \~0.5 µg/µl). Cells were incubated in ND-96 at 18°C for 16--48 hours. The recording solutions contained 90 mM KMS, 3 mM Mg(MS)~2~, 8 mM KOH, 10 mM HEPES, pH 7.4. Other conditions were the same as for voltage clamp fluorometry.

Data Analysis {#S14}
-------------

Kinetic and steady-state traces were analyzed using Igor Pro and Microsoft Excel software. Kinetic traces were fit with double exponential equations. Steady-state voltage dependent traces were fit with Boltzmann equations. Data were normalized to the amplitude of the Boltzmann fits and the error bars indicate the standard error of the mean. Statistical significance was determined using the student\'s t test. Confocal images were analyzed using MatLab software.

Supplementary Material {#SM}
======================

This work was supported by grants R01NS035549 (E.Y.I.), U24NS57631 (E.Y.I), and R01DC007664 (D.L.M.) from the US National Institutes of Health and an American Heart Association Established Investigator Award (D.L.M). We thank Y. Okamura (Japanese National Institute for Physiological Sciences) for kindly providing the Ci-VSP cDNA, T. Meyer (Stanford University) for kindly providing the LDR and CFInp cDNA, E. Reuveny (Weizmann Institute of Science, Rehovot, Israel) for providing the IRK1 construct, S. Nakanishi (Osaka Bioscience Institute, Osaka, Japan) for providing the mGluR1α receptor, J. Groves and P. Nair (University of California, Berkeley) for access to and instructions on use of the lipid extruder and H. Janovjak, K. Nakajo, E. Peled and F. Tombola for helpful discussion.

**Author Contributions**

S.C.K. designed, conducted and analyzed the VCF experiments and the confocal experiment, as well as conducted and analyzed the malachite green assay and the CD spectroscopy and wrote the paper. S.C.B. designed, conducted and analyzed the *in vivo* activity assay and edited the paper. L.L. expressed and purified the cytosolic domain proteins and edited the paper. Q.X. helped design the malachite green assay as well as expressed and purified the cytosolic domain proteins. D.L.M. designed and initiated the CD spectroscopy as well as edited the paper. E.Y.I. designed the VCF experiments as well as the *in vivo* activity assay and wrote the paper.

**Competing financial interests statement**

The authors declare no competing financial interests.

![Linker and catalytic site mutants reduce or abolish activity\
**a)** Cartoon of Ci-VSP domains. The VSD consists of 4 helices, S1--S4. Q208 and G214 in the S3--S4 external loop are sites of cysteine substitution and attachment of the environmentally sensitive fluorophore TMRM (red asterisks). The sixteen amino acid linker (black) connects S4 of the VSD to the PD (purple). It contains 3 conserved basic residues (+): K252, R253, R254. Two conserved catalytic site residues, D331 and C363, shown in the PD. **b)** Alignment of human PTEN with Ci-VSP: (Top) PTEN N-terminus and VSD-PD linker of Ci-VSP; (Bottom) Active site residues. Identical residues highlighted (gray), arrows mark Ci-VSP residues mutated in this study. **c)** Activity of full-length Ci-VSP in oocytes measured from voltage dependence of IRK1Q current in cells also expressing Ci-VSP. Average data for IRK1Q alone (n=26) or IRK1Q coexpressed with G214C (n=9); G214C/K252Q (n=10); G214C/R253Q (n=8); G214C/R254Q (n=6); G214C/C363S (n=6); G214C/D331A (n=6). ΔI/I~max~ was calculated from steady-state current of active Ci-VSP (+60 mV) versus inactive Ci-VSP (−100 mV) (Materials and Methods & [Supp. Fig. 2](#SD1){ref-type="supplementary-material"}). Asterisks indicate statistically significant differences using the student\'s t test, p=0.008. **d**) *In vitro* malachite green activity assay with PS/PI(3,4,5)P~3~ vesicles and the cytosolic fragment of Ci-VSP, containing amino acids 240--576, 256--576 or mutations (in linker or PD). Constructs identified in cartoons on right as in (a) with PD in light purple. All error bars are ± SEM. \* = p\<0.05; \*\*\* = p\<0.001 for comparison of marked mutants to wildtype.](nihms176586f1){#F1}

![Mutations of PD catalytic site alter VSD motion\
**a)** Representative fluorescence traces during a step from hp = −80 mV to +200 mV in G214C\* (black), G214C\*/C363S (blue) and G214C\*/D331A (purple). The catalytic site mutations alter S4 ΔF~ON~ and ΔF~OFF~ motions, with more dramatic slowing of the ΔF~OFF~ motion. Traces normalized to the maximal fluorescence change. Voltage trace reports actual voltage recorded during acquisition. **b)** Normalized F-Vs. Same colors and hp as in a). Data fit to single Boltzmann equations (see Materials and Methods, [Supp. Table 1](#SD1){ref-type="supplementary-material"}). Catalytic site mutants negatively shift F-V. Error bars (mostly smaller than symbols) are ± SEM, n ≥ 9. **c)** Cartoon depicting influence of mutations at catalytic site of PD on VSD motion detected by TMRM (asterisk) attached to G214C, at the outer end of S4.](nihms176586f2){#F2}

![Linker charge neutralization eliminates effect of catalytic site mutations on VSD motion\
**a)** Representative normalized fluorescence traces evoked by step from hp = −80 mV to +200 mV. G214C\*/K252Q (black, same as in [Supp. Fig 5](#SD1){ref-type="supplementary-material"}.), G214C\*/C363S/K252Q (blue), G214C\*/D331A/K252Q (purple), G214C\* (gray, from [Fig. 2](#F2){ref-type="fig"}) and G214C\*/D331A (pale red, from [Fig. 2](#F2){ref-type="fig"}). **b**) F-Vs fit to single Boltzmann equation, with symbol size indicating ± SEM, n ≥ 10. Same colors and hp as in (a). K252Q eliminates both the slowing of ΔF~OFF~ (a) and the shift of F-V (b) caused by C363S and D331A catalytic site mutations. Data fit to single Boltzmann equations (see [Supp. Table 1](#SD1){ref-type="supplementary-material"}).](nihms176586f3){#F3}

![Linker mutations alter late component of VSD motion\
**a--d)** Representative Q208C\* fluorescence traces evoked by steps from hp= −80 mV to −150 mV (black), 0 mV (gray), +100 mV (red) and +200 mV (blue) in wild type, Q208C\* (**a**) and the three linker mutations: Q208C\*/K252Q (**b**), Q208C\*/R253Q (**c**) and Q208C\*/R254Q (**d**) **e--h**) F-V relationships measured at the peak of the second upper component for wild type (Q208C\*) and the linker mutants normalized by component from −150 mV to 0 mV. Wild type (Q208C\*) from (e) superimposed for comparison in (f-h) as gray line. Linker mutants diminish amplitude of late fluorescence increase component and shift its voltage dependence to the right. Data fit to single Boltzmann equations ([Supp. Table 1](#SD1){ref-type="supplementary-material"}), error bars are ± SEM, n ≥8.](nihms176586f4){#F4}

![PI(4,5)P~2~ depletion alters VSD motion in manner dependent on the VSD-PD linker\
**a**) 5HT2C receptor activation by serotonin (activates conversion of PI(4,5)P~2~ into IP~3~ and DAG by phospholipase C) shifts the F-V of the catalytic site mutation G214C\*/D331A to the right and decreases the steepness. F-Vs before (black) and 5 min after addition of 10 µM serotonin (red). **b, c**) Rapamycin-induced membrane localization of the lipid phosphatase CFInp (converts PI(4,5)P~2~ into PI(4)P) shifts the F-V of the catalytic site mutation G214C\*/D331A to the right and decreases the steepness (**b**), and decreases the amplitude and shifts to the right the late component of fluorescence increase of wild type Q208C\* (**c**). F-Vs before (black) and 5--10 min after (blue) addition of 1 µM rapamycin. **d)** Catalytic site mutation, G214C\*/D331A, was not affected by 5HT2C receptor activation in presence of K252Q linker mutation. F-Vs before (black) and 5 min after (red) addition of serotonin. F-V of G214C\*/D331A with a wild type linker and no 5HT2C activation shown for comparison in gray. **e, f)** Rapamycin-induced PI(4,5)P~2~ depletion by activation of CFInp has no detectable effect in G214C\*/D331A/K252Q (**e**), and a small effect in the linker mutants Q208C\*/K252Q (**f**) compared to wild type Q208C\* (**c**). F-Vs before (black) and 5--10 min after rapamycin (blue). (F-V of G214C\*/D331A in gray for comparison in **e** and F-V of Q208C\* in gray for comparison in **f**). Error bars are ± SEM, n ≥9. Data fit to single Boltzmann equations (see [Supp. Table 2 & 3](#SD1){ref-type="supplementary-material"}).](nihms176586f5){#F5}

![Model of linker regulation and coupling in Ci-VSP\
Left) At negative voltage the VSD is in a resting state and the linker is distorted into a non-functional state. Middle) At positive voltage the VSD is in an activated conformation and the linker relaxes into the positive regulatory state that is necessary for activity of the isolated PD *in vitro*. PI(4,5)P~2~ stabilizes the activated state, possibly by interacting with the linker. Right) The depletion of PI(4,5)P~2~ by Ci-VSP activity leads to a destabilization of the activated state and uncoupling of the VSD from the phosphatase, thus turning the enzyme off even though the membrane is still depolarized.](nihms176586f6){#F6}
